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Abstract 
This paper recognizes the urgency of implementing large-scale carbon capture and storage facilities, and discusses the 
technological challenges associated with scale-up.  Historical data of scaling factors commonly used for chemical processes are
investigated and compared to CO2 capture technologies. Furthermore, the traditional chemical engineering approach to the scale-
up path from laboratory, via pilots, to commercial design is compared to the principles of a newly developed guideline by Det 
Norske Veritas (DNV) for “Qualification of CO2 capture technology”. The guideline is based on DNV’s generic recommended 
practice for qualification of new technology, DNV-RP-A203. The procedure explains how to identify, describe, and manage risks 
(failure modes or threats) with the implementation of new CO2 capture technology in a semi-quantitative way by following a set 
of sequential steps known as the qualification process.x 
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1. Introduction 
The idea of separating CO2 from flue gas streams started back in 1970’s, not with concern about the greenhouse 
effect, but as a possible economic source of CO2, mainly for enhanced oil recovery (EOR) operations. Other 
application areas for CO2 usage include carbonated beverages, food industry, brewing, welding, chemical feed 
stocks, fire extinguisher and solvent extraction. Several plants are in commercial operation today. However, all these 
plants are much smaller than a typical power plant in terms of tonnage of CO2 handled for the purpose of CO2
capture and storage (CCS). The urgency of combating climate change is now forcing CCS technologies into 
deployment, as it is the only mitigation option that has the potential to handle large-scale emissions from stationary 
power production within a relatively short timeframe. Therefore, ambitious projects are now being launched world-
wide for large-scale CCS demonstration within the next 5-7 years, at a scale several order of magnitude larger than 
previous experienced. For example, a network of up to 10-12 large-scale CCS demonstration projects across Europe 
by 2015 is proposed by the European Commission [1].  The urgency of CCS deployment as a CO2 mitigation 
technology and the lack of large-scale experience represent a significant challenge, and risk, for technology 
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providers and other stakeholders. There is always a limited amount of time and money for process development. 
Therefore, calculated risks will have to be taken in the design, construction and start-up of the “first commercial 
units”. These calculated risks should be minimized and assessed in a systematic manner. 
Det Norske Veritas (DNV) has recently issued a guideline for qualification of CO2 capture technology [2]. The 
guideline is based on DNV’s generic recommended practice for qualification of new technology, DNV-RP-A203 
“Qualification procedures for new technology” [3]. The current paper highlights some of the technological 
challenges likely to be encountered when scaling up capture technologies, and delineates how these can be assessed 
according to the principles of the newly developed DNV guideline. Moreover, the more traditional chemical 
engineering approach to scale-up is discussed.  
2.  Scale-up of separation processes 
In most CCS systems, the cost of capture (including CO2 compression) is the largest cost component. This relates 
to the dilute concentrations of CO2 and the large volumes of gas to be treated. Today, post-combustion CO2 capture, 
using ethanolamines, such as monoethanolamine (MEA), is considered to be the most mature technology for 
separating diluted carbon dioxide in flue gas streams. Hence, absorption towers are the most frequent reactor 
configuration used for this purpose.  However, several other capture concepts are currently being developed and are 
likely to get increased importance after the installation of the first large-scale amine scrubbers. Some of these 
technologies make use of other types of reaction and/or separation vessels, e.g. fluidized bed, membranes or fixed 
bed reactors.  
The discussions in this chapter are focused on scale-up of separation vessels typically used for physical and 
chemical absorption of CO2 for post-combustion capture. However, some novel reactor concepts considered to the 
“next generation” capture systems are also briefly presented.  Note that scaling issues related to oxy-fuel combustion 
and catalytic reforming reactors used in pre-combustion systems are not discussed, neither are any utility systems 
(e.g. air separation units, heat exchangers, compressors etc.). 
2.1. Post-combustion capture by solvent scrubbing 
The most common separation vessels employed for CO2 scrubbing are countercurrent absorbers. Detailed 
reviews on commonly used design procedures for absorbers, including theoretical equilibrium calculations, 
empirical correlations and computer-assisted models, are presented by Kohl and Nielsen [4]. A common feature for 
absorbers is the optimum in operational conditions for gas and liquid flow rates, which should yield good wetting of 
the packing material and at the same time avoiding the occurrence of flooding. The diameter of a packed column is 
usually established on the basis of flooding correlations, whereas the height of the column relates to the mass 
transfer efficiency. Increased volumetric flow of flue gas is likely to require larger absorbers to be designed and 
constructed, than previous experienced, as it is often desirable to treat the large volumes of gas in a single train 
rather than a number of parallel trains, due to economy of scale reasons (reduces the number of vessels, the quantity 
of piping, valves, and instrumentation). Hence, these larger columns will introduce practical challenges related to 
design and fabrication.  
Uniform gas and liquid distribution is indispensable for a large size tower to obtain required performance. As the 
absorber cross sectional area increases, there is likely to be an increased amount of challenges in maintaining 
uniform distribution of the solvent over the packing in packed columns, or of maintaining even distribution of 
solvent over large plate areas in plate columns. The most severe effects of uneven distribution in the absorber 
column on the capture performance can be summarized as: 
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• Uneven solvent distribution – If all the surface area of the packing is not wetted, then less surface area 
will be available for mass transfer of CO2 from the flue gas to the solvent. 
• Flue gas bypass – The flue gas will follow the path of least resistance.  The parts of the tower with the 
greatest liquid flow will receive the least gas flow and the part with the least solvent will receive the 
most flue gas. This contributes to the loss of performance. 
Also, as the diameter becomes large, heavy structural members must be employed to support the trays or packing, 
and such heavy structural members take an increasing amount of expensive internal volume of the absorber column.  
The above discussions on design and size of large scale absorbers are also valid for the stripper vessel. However, 
the sizes of stripper vessels are generally smaller than for absorbers, as the gas throughput is solely dependent on the 
amount of CO2 fixated in the recycled solvent. Furthermore, the discussions are not meant to be a comprehensive 
and thorough assessment of scaling effects and design of large-scale CO2 capture units. However, it highlights some 
challenging features likely to be encountered when scaling-up and designing very large absorption towers.  
2.2. Novel  capture technologies 
At the other end of the “maturity scale” for CO2 purification technologies, several novel concepts are emerging 
and are being tested at laboratory and pilot scale. One example of such is chemical looping combustion (CLC), 
where oxygen is supplied by the use of a metal/metal oxide system to provide a reversible chemical reaction. Other 
examples of processes where fluidized beds are utilized are in so-called sorption-enhanced steam reforming 
reactions for hydrogen production with integrated CO2 capture and membrane enhancement using palladium 
membranes in novel pre-combustion concepts.   
Fluidized bed reactors are proposed as the primary reaction vessel for these concepts. The fluidized bed reactor 
has a lot of advantages: excellent gas-solid contacting, no hot spots even with highly exothermal reactions, good 
gas-to-particle and bed-to-wall heat transfer and the ease of solids handling which is particularly important if solid 
particles are to be replaced due to loss of chemical activity or stability. However, scale-up has proven to be one of 
the major obstacles for the widespread deployment of fluidized bed reactors, as it is very difficult to predict and 
calculate the complex mass and heat flows within the bed, although scale-up correlations have been established in 
the literature [5]. Due to this lack of understanding, pilot plants for new processes is required. Even with pilot plants, 
the scale-up can be very difficult and may not reflect what was experienced in the pilot trial. For example, in the 
1950s the Fischer-Tropsch synthesis regarding the fluidized bed was a complete failure, despite good results on 
laboratory and pilot scales. The production plant reached 1500-2000b/d instead of the 7000b/d that is was designed 
for [6]. 
2.3. Scale-up ratios 
Pilot plants are defined as: equipment assembled to generate design data for a large plant and/or material for 
marked testing [7]. The purpose of pilot plant studies is to ensure that reactor models developed from laboratory 
studies can be extrapolated to the design and performance of a commercial reactor. Pilot plants vary greatly in size 
and complexity. Regardless of the size or nature of the pilot, the fundamental purpose is to reduce risk and errors in 
design, start-up and operation of the full-scale facility. The relationship between the size of the contemplated 
commercial unit and the largest scale unit in which data are obtained can be defined by the scale-up ratio:
rateproductionunitPilot
rateproductionCommercialratio up-Scale =     (1)
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Scale-up ratios from laboratory to pilot plants of 500-1000 and from pilot plants to commercial units of 200-500 
are not uncommon. However, the ratio tends to be lower for the processes involving liquid and solids rather than 
gases [7]. Large scale-up ratios represent a significant level of risk where limited practical experience and few 
available correlations are present. Figure 1 summarizes a selected number commercial CO2 recovery processes, 
based on post combustion capture, from the past (note that some of these are not in operation today) compared with 
some full scale post-combustion capture plants proposed in Europe in the coming years.   
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Figure 1: Comparison of experienced commercial post-combustion CO2 recovery plants worldwide and proposed CCS projects. 
It is evident that the magnitude of scale-up ratios for the proposed capture projects is in the order of magnitude of 
3-15 compared to previous experienced size of CO2 recovery systems. It should be noted that the scale-up ratios 
delineated here do not necessarily refer to the same type of process, as there are differences in flue gas (coal/gas or 
reforming effluent gas), solvent and reactor configurations. However, it serves as a rough estimate of the order of 
magnitude of scale-up post-combustion capture plants are faced with. Note that CO2 capture from natural gas 
processing (Sleipner/In Salah capturing ~3000 t/d) is not considered in the Figure 1.   
Emerging and novel capture concepts, involving e.g. membrane reactors, moving or fluidized beds, are likely to 
have scale-up ratios of a much higher order of magnitude than for amine-based post-combustion plants due to the 
lack of large-scale experience.  
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In general, the critical aspects of scale-up relate to the impact of surface/volume and height/diameter ratios on 
flow patterns, gas/liquid dispersion and heat transfer. Typical problems may be of physical nature, chemical nature, 
or involve some aspects of both. For chemical processes in general, some features considered to be of particular 
importance when moving from small-scale to commercial unit, are listed in Table 1. 
Table 1: Scale-up issues 
Scale-up issues Challenges 
Shape and geometry of reactor Fluid by-passing; Pressure drop; 
Stagnation zones resulting in changes in residence 
time distribution 
Surface-to-volume ratios;  
height-to-diameter ratios  
Gradients of concentration and temperature; Flow 
patterns; Gas/liquid distribution  
Materials of construction Different contaminant levels 
Heat removal Temperature profiles;  
Hot/cold-spots; Run-away reactions 
Impurities in real flue gas (not present at 
laboratory/demo scale) 
Foul or poison catalysts or solvents; 
Accumulation in recycle streams causing operation 
problems 
3. Approaches to scale-up  
To follow a direct path from laboratory to a commercial design requires either an enormous amount of 
information that often is unavailable or scientific and engineering judgment beyond those normally considered 
possible and desirable.  On the other side, building pilot plants is an expensive task. The pilot will require the same 
number of instruments and controllers as the full scale plant, and even more instrumentation will be required to 
gather data required for the scale-up studies. Moreover, the operating cost of a pilot is high as it is necessary to staff 
the pilot with both engineers and operators. Therefore, there is a trade-off between choosing an approach that is both 
cost efficient and at the same time provides confidence in the functionality of the full scale technology.  
3.1. Chemical engineering approach 
Bisio and Kabel [7] define scale-up of a chemical process as:  
The successful start-up and operation of a commercial size unit whose design and operating procedures are in 
part based upon experimentation and demonstration at a smaller scale of operation.
A successful scale-up requires a broad spectrum of technical skills and a mature understanding of the total 
problem under study. The interplay of chemical kinetics, thermodynamics and reactor configuration used to arrive at 
the desired level of reactor performance is rarely a simple and direct path, but rather a combination of theoretical 
models, correlations and empirical experience. Figure 2 shows a typical structure of a scale-up development 
procedure based on both a fundamental and empirical approach.  
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Figure 2: Structure of reactor design [7].  
The approach, delineated in Figure 2, is to implement chemical and physical data derived from laboratory work 
into a reactor model. Experiments could be accompanied with either simple scaling laws based on geometrical 
similarity, empirical correlations or simply handbook solution for the coupling of size with the most important 
mechanism of the system under consideration. The reactor model should describe flow patterns, using models that 
are based on the fundamental laws of physics: the conservation equations for mass, momentum, and energy. 
Moreover, studies with so-called mock-ups (flow studies without chemical reactions) are useful to analyze 
separately the physical mechanisms that are most sensitive to size, such as hydrodynamic mechanisms. The output 
from the reactor model is used, often in combination with pilot studies, in the dimensioning of a commercial reactor.  
3.2. Technology Qualification  
Scale-up of chemical processes is an issue that gives a good example of where it will be effective to follow the 
principles of the DNV developed guideline “Qualification of CO2 capture technology” [2]. Calculated risks will 
have to be taken in the design, construction and start-up of the first commercial CO2 capture facilities, especially in 
light of the urgency of technology deployment for CO2 mitigating technologies.  These calculated risks should be 
minimized and assessed in a systematic and cost efficient manner.  
The steps in the technology qualification process are illustrated in Table 2 below. The process is iterative in 
nature in the way that concept improvements might be needed in order for the technology to be qualified based on 
the outcome of the Functionality assessment step. 
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Table 2: Qualification process steps. 
Description 
Qualification basis 
Establish the expectations to the functionality of 
technology for the large scale capture facility. Complete 
description of the plant (design, drawings, calculations, 
etc)
 
Technology assessment 
Breakdown the technology into manageable elements in 
order to assess which elements that involve aspects of new 
technology and identify the key challenges and 
uncertainties. For example, known components at a scale 
with no or limited experience is classified as new.
 
Failure mode identification  
and risk ranking 
All relevant failure modes and threats of concern for the 
elements defined as new technology in the previous step, 
are identified, and judged with associated risks. 
 
Section of qualification methods 
Selection of methods that adequately address the identified 
failure modes of concern with respect to reduction of 
uncertainties and documentation of sufficient performance 
margins or margins to failure (e.g. pilot plant studies, 
modelling, handbook solutions etc.) 
 
Data collection All the qualification activities selected in the previous step is carried out. 
 
Functionality assessment 
Confirm that the performance, functional requirements, 
and target reliability as stated in the qualification basis are 
met. 
Each failure mode identified with a high risk will be assessed by selecting an appropriate qualification method. This 
approach enables selection of the qualification method(s) that provides the most reliable and cost-effective 
combination (i.e. an optimal interaction). Building a pilot plant can be one of the qualification activities. The 
following approaches, and/or combinations of these, can be made towards qualification of the technology: 
• Theoretical investigation (analytical methods) 
• Computer modelling (numerical investigation), such as process simulation models, corrosion models, CFD, 
FEM, fatigue, fracture mechanics, etc.  
• Experimental investigation, such as laboratory tests (simplified tests targeted towards a specific failure mode to 
enhance knowledge about for example material behaviour) 
• Test to reduce uncertainties in analytical models (such as erosion models, limited number of fatigue tests)  
• Scale-up studies using pilot plants  
• Previous experience with similar equipment (accounting for changed operating conditions) 
• Handbook solutions 
An inherent advantage of this approach is that a Technology Qualification Plan (TQP) can be established 
enabling technology developers to decide on what extent pilot plant studies are needed to qualify the technology. 
Moreover, the TQP will also put up all the activities that need to be performed in a systematic manner, and how 
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these activities can be arranged and performed in a time efficient manner, reducing the time for technology 
deployment by managing risks.  
The approach proposed in the DNV developed guideline [2] is that scale-up studies using pilots should address 
the potential failure modes of concern, rather than being a miniaturized commercial system. Hence, the procedure 
enables technology developers to decide on what extent pilot plant studies are needed.  
4. Conclusions 
The scale-up ratios of future post-combustion capture plants relative to experienced commercial recovery plants 
are in the order of magnitude of 3-15. The increase in total flue gas volume to be treated will result in very large 
equipment that represent design and operational challenges to absorbers and other key components in a CO2 capture 
plant.  Moreover, novel capture systems are likely to have scale-up ratios of an order of magnitude higher than for 
an amine-based post-combustion plant. Therefore, the scale of operation itself introduces risks, which should be 
identified, assessed and managed.  
The newly developed DNV Technology Qualification procedure, briefly delineated above and more thoroughly 
presented in another paper [8], contains the same elements as for the more traditional way of exploring scale-up of 
chemical process plants, where methods are ranging from experimental investigations to computer models.  
However, the technology qualification approach is more concerned about attacking the high risk elements of the 
technology through a careful selection of adequate qualification methods.  
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